Objective-The objective of this study was to evaluate the relationship between antipsychoticinduced tardive dyskinesia (TD) and estimated dopamine D2 receptor occupancy levels in patients with schizophrenia, using the dataset from the Clinical Antipsychotic Trials in Intervention Effectiveness (CATIE).
Introduction
Second-generation antipsychotics (SGAs) have come to play an important role in the treatment of schizophrenia. While lines of evidence suggest a diminished liability to extrapyramidal symptoms (EPS) of SGAs compared to conventional antipsychotics (Tollefson et al., 1997; Haro et al., 2003a; Haro et al., 2003b; Correll et al., 2004; Dossenbach et al., 2004; Tenback et al., 2005) , it should be emphasized that the former agents still continue to carry a risk for tardive dyskinesia (TD) (Kapur et al., 1995; Woods et al., 2010) . Findings arising from conventional antipsychotics indicated a prevalence of approximately 20-25% in the face of long-term treatment with these antipsychotics (Blanchet, 2003) , with identified clinical risk factors including older age, female gender, and the duration of antipsychotic treatment (Kapur et al., 1995; Egan et al., 1997; Miller et al., 2005; Remington, 2007; Soares-Weiser and Fernandez, 2007; Tenback et al., 2009; Tenback and van Harten, 2011) .
To this last point, theories regarding the pathophysiology of TD have implicated changes in the dopaminergic system, including supersensitivity of dopamine D2 receptors (Egan et al., 1997; Margolese et al., 2005) . Recent preclinical evidence has suggested that higher, sustained dopamine D2 occupancy may be linked to an increased risk of TD, with evidence that continuous, but not intermittent, exposure to olanzapine is associated with an increased risk of vacuous chewing movements (VCMs), a model for TD, in rats (Turrone et al., 2005) . Whether differences reflect the episodic troughs with intermittent treatment or overall differences in total antipsychotic exposure is not entirely clear. For example, reports have also identified higher antipsychotic doses as a risk factor in TD (Chakos et al., 1996; Oosthuizen et al., 2003) .
Better understanding the relationship between D2 occupancy (i.e. levels), as well as patterns of D2 occupancy (i.e. peaks and troughs), and risk of TD could advance our understanding of TD and its underlying pathophysiology considerably. Neuroimaging has afforded us the opportunity to examine antipsychotic-related D2 binding in vivo, but practically speaking it is better positioned to provide cross-sectional rather than longitudinal data. However, we have developed a model in which the dopamine D2 receptor occupancy of antipsychotics, including risperidone, olanzapine, and ziprasidone, can be reliably estimated from plasma concentrations (Uchida et al., 2011b) . In addition, recent advances in nonlinear, mixedeffects population pharmacokinetic (PPK) methods have made it possible to estimate individual pharmacokinetic parameters for antipsychotics, including peak and trough plasma concentrations, using two or more sparsely collected blood samples (Bigos et al., 2006) . By combining these models, the dopamine D2 receptor occupancy levels at any given point in time can be reliably estimated using the measurement of antipsychotic plasma concentrations at two separate random time points (Uchida et al., 2009b) .
To elucidate the relationship between TD and estimated peak and trough antipsychoticrelated dopamine D2 receptor blockade, the Clinical Antipsychotic Trials in Intervention Effectiveness (CATIE) (Stroup et al., 2003) provides an ideal dataset given its unprecedented large sample size and availability of plasma antipsychotic concentrations. In fact, PPK models have already been developed for risperidone, olanzapine, and ziprasidone (Bigos et al., 2008; Feng et al., 2008; Wessels et al., 2011) . The objective of this report was, however, to evaluate the relationship between estimated dopamine D2 receptor occupancy with risperidone, olanzapine, and ziprasidone and TD.
Materials and methods

Study design
The CATIE was funded by the National Institute of Mental Health to compare the effectiveness of SGAs in schizophrenia, and it has been detailed elsewhere (Stroup et al., 2003) . Briefly, it was performed between January 2001 and December 2004 at 57 clinical sites in the United States. One thousand four hundred and ninety-three patients between ages 18 and 65 and with a diagnosis of schizophrenia based on the Structured Clinical Interview of the DSM-IV, participated in the trial. Patients were initially randomized to risperidone (1.5-6.0 mg/day), olanzapine (7.5-30 mg/day), ziprasidone (40-160 mg/day), quetiapine (200-800 mg/day), or perphenazine (8-32 mg/day) under double-blind conditions, and received treatments for up to 18 months or until treatment was discontinued for any reason (Phase 1).
Data used in this analysis were derived from the subjects who were receiving risperidone, olanzapine, or ziprasidone, presented with a total score of zero on the Abnormal Involuntary Movement Scale (AIMS) at baseline in Phase 1 of CATIE, provided plasma samples for the assessment of antipsychotic concentrations, and participated in the study for six months or longer. Only subjects on these three drugs were included since prediction models of dopamine D2 receptor occupancy from plasma drug concentrations are available for only these drugs amongst those available through CATIE (Bigos et al., 2008; Feng et al., 2008; Wessels et al., 2011) . All participants gave written informed consent to participate in the protocols approved by the local institutional review boards.
Population pharmacokinetic analysis
Subjects in CATIE provided plasma samples for the measurement of concentrations of risperidone plus 9-hydroxyrisperidone (active moiety), olanzapine, or ziprasidone at more than one time point. Using these samples, plasma antipsychotic concentrations at peak and trough that corresponded to the dose given at endpoint of Phase 1 were calculated for each individual, using the established PPK models and extracting the Empirical Bayes Estimates for the pharmacokinetic parameters for each of these individuals (Sheiner et al., 1977; Beal and Sheiner, 1992) . The precision and reliability of this estimation has recently been confirmed in our PPK study . The nonlinear mixed-effect models for risperidone, olanzapine, and ziprasidone were previously established using the CATIE data (Bigos et al., 2008; Feng et al., 2008; Wessels et al., 2011) . These original studies, used to establish the PPK models, comprised 1236 risperidone plus 9-hydroxyrisperidone concentrations from 490 subjects, 1527 olanzapine concentrations from 523 subjects, and 568 ziprasidone concentrations from 233 subjects, respectively. All three compounds were adequately described by using a one-compartment linear model with first order absorption. In addition, the risperidone model comprised: exponentiated inter-individual variability on each pharmacokinetic parameter; a tri-modal mixture distribution on risperidone clearance (a reflection of the fact that CYP 2D6 genotype was not available for patients on this drug); and an age effect on the clearance of the 9-hydroxyrisperidone metabolite. The olanzapine model incorporated age, sex and race effects on clearance of the drug. PPK analysis has been utilized to characterize pharmacokinetic profiles of medications such as antibiotic and anticancer agents (Marsot et al., 2012; Kontny et al., 2013) .
Estimation of dopamine D2 receptor occupancy
Utilizing the estimated plasma concentrations of antipsychotics (peak and trough) at endpoint in Phase 1 of CATIE, corresponding dopamine D2 receptor occupancy levels were estimated using the model that we developed (Uchida et al., 2011b) . Briefly, dopamine D2 receptor occupancy levels were calculated by incorporating the estimated plasma concentration of risperidone active moiety, olanzapine, or ziprasidone into the following one-site binding model: occupancy (%) = a x [plasma level / (plasma level + ED50)], where a is the maximum receptor occupancy attributable to the antipsychotic drug and ED50 is the estimated plasma concentration of the antipsychotic drug associated with 50% receptor occupancy, which was obtained in the systematic review and pooled analysis (Risperidone active moiety: a=88.0%, ED 50 =4.9 ng/ml; olanzapine: a=90.7%, ED 50 =7.1 ng/ml; ziprasidone: a=88.2%, ED 50 =32.9 ng/ml) (Uchida et al., 2011b) . This estimation method was previously developed for haloperidol by Fitzgerald et al. (Fitzgerald et al., 2000) .
Statistical analysis
Statistical analyses were performed by using the SPSS Version 21.0 (IBM, New York). Subjects were divided into two groups based on the presence of TD. The estimated peak and trough dopamine D2 receptor occupancy levels were compared between patients who presented with an AIMS score of ≥2 at endpoint and those whose AIMS score remained at zero using the Mann-Whitney U test, respectively. Likewise, oral doses were compared between those two groups in the total sample and subgroups of patients receiving those three drugs, respectively, using the Mann-Whitney U test. For this analysis, oral doses (mg/day) were converted to Defined Daily Dose (DDD) Unit. This unit of measurement used for standardizing antipsychotic doses was developed by the World Health Organization Collaborating Centre for Drug Statistics Methodology system of Defined Daily Doses (WHO. Collaborating Centre for Drug Statistics Methodology, 2013). The DDD unit is the assumed average dose (mg) per day for a drug used for its main indication in adults (e.g. schizophrenia for antipsychotics): 5 for risperidone (oral), 10 for olanzapine (oral), and 80 for ziprasidone. In addition, a binary logistic regression model was used to examine the effects of estimated dopamine D2 receptor occupancy levels, age group (i.e. <50 or ≥50 years), sex, antipsychotics, years since the first antipsychotic was prescribed, the duration of study participation and race (i.e. Caucasian, African-American, Native American, or others) on the presence of TD. A p-value of <0.05 was considered statistically significant (twotailed).
Results
Subject characteristics
Two hundred and eighteen subjects were included; demographic and clinical characteristics are summarized in Table 1 . Mean±SD daily doses of risperidone, olanzapine, and ziprasidone on the day of AIMS score assessments at endpoint were 4.6±1.3 mg, 21.6±7.5 mg, and 123.0±34.3 mg, respectively. Mean±SD AIMS score at endpoint was 0.39±1.26.
Association between estimated D2 receptor occupancy and TD
Estimated dopamine D2 receptor occupancy levels at trough were significantly higher in subjects who presented with an AIMS score of ≥2 at endpoint (N=23) versus those with a score of zero (N=195) (71.7±14.4% vs. 64.3±19.3%, p<0.05), while no significant difference was found in the estimated peak D2 receptor occupancy between them (75.4±8.7% vs. 72.1±9.9%, p=0.07). When the same analyses were separately conducted for those three individual antipsychotics, there were no significant differences in estimated peak and trough D2 receptor occupancy for any of them between subjects who presented with an AIMS score of ≥2 at endpoint versus those with a score of zero (risperidone, 77.7±3.8% (N=8) vs. 74.6±6.3% (N=70) at peak and 76.0±4.5% vs. 71.0±8.6% at trough; olanzapine, 77.8±6.6% (N=12) vs. 75.0±8.0% (N=88) at peak and 75.3±9.1% vs. 71.9±10.1% at trough; ziprasidone, 59.6±10.7% (N=3) vs. 60.4±11.0% (N=37) at peak and 45.4±23.9% vs. 33.4±20.0% at trough, respectively).
The binary logistic regression model revealed that old age, sex, race, years of antipsychotic treatment, the duration of study participation, drug, and estimated dopamine D2 receptor occupancy levels at peak and trough failed to demonstrate any statistically significant effects on the emergence of TD (Table 2) .
Association between oral dose and TD
No significant difference was found in the DDD between subjects who presented with an AIMS score of ≥2 at endpoint versus those with score of zero (1.78±0.86 vs. 1.59±0.78, p=0.27). Also when the same analyses were separately conducted for each of three individual antipsychotics, there were no significant differences in the DDD between them (risperidone, 0.97±0.31 vs. 0.93±0.27; olanzapine, 2.43±0.64 vs. 2.13±0.76; ziprasidone, 1.33±0.28 vs. 1.55±0.43, respectively).
Discussion
While the subjects who experienced TD showed significantly higher trough estimated dopamine D2 receptor occupancy levels than those who did not, no statistically significant difference was observed in peak dopamine D2 occupancy between them. However, the association between trough dopamine D2 occupancy and TD was not found in the regression analysis. Although findings must be viewed as preliminary, they indicate the relevance of trough D2 blockade in the emergence of TD.
Animal studies involving antipsychotics have already demonstrated the impact of dosing schedules on abnormal movements (Turrone et al., 2003; Turrone et al., 2005) . Turrone et al. examined whether continuous, versus intermittent, infusion of olanzapine affects the development of VCMs differentially in rats. Rats were treated with 7.5 mg/kg/day of olanzapine via mini-pump or daily subcutaneous injections for eight weeks. Rats that were continuously given olanzapine via mini-pump (mean dopamine D2 occupancy of 51%) demonstrated significantly greater VCM levels when compared to animals receiving daily subcutaneous injections (94% and 15% D2 occupancy at peak and trough, respectively) (Turrone et al., 2005) .
Preclinical evidence has also demonstrated that gaps in sustained, higher D2 occupancy may impact antipsychotic response, reflective of possible tolerance. For example, Carey et al. evaluated antipsychotic-suppressed spontaneous motor activity in rats receiving injections of haloperidol twice daily and every other day (Carey and DeVeaugh-Geiss, 1984) . In contrast to the every other day group, the twice-daily injection schedule group exhibited recovery of spontaneous motor activity, suggestive of behavioral tolerance. Based on these findings, they suggested that treatment schedule, rather than cumulative drug dosage, plays a role in the development of tolerance to haloperidol as well as long-term side effects such as TD. Antipsychotic treatment with low dopamine D2 blockade at trough may also be beneficial to maintain antipsychotic effects. More recently, Samaha et al. compared the effects of withinday continuous antipsychotic exposure via osmotic mini-pump versus transient treatment (i.e. daily subcutaneous injections of haloperidol at doses achieving equivalent peak striatal D2 receptor occupancy levels) in rats (Samaha et al., 2008) . While the latter maintained efficacy, the former (i.e. continuous exposure) lost efficacy in the suppression of amphetamine-induced locomotion and conditioned avoidance, animal models of antipsychotic-like effects. In addition, changes in the density of striatal D2 receptors and D2 receptors in a high-affinity state for dopamine (D2 High ) were measured. Once more, differences were found. The continuous group demonstrated significantly elevated D2 receptor binding versus the transient group, and while, both also showed elevated levels of D2 High density, the increase was greater in the continuous. Results suggest that antipsychotic effects may be attenuated in the face of continuous antipsychotic treatment/ exposure, linked in turn to increases in density of striatal D2 receptors and D2 receptors in a high-affinity (Samaha et al., 2007; Samaha et al., 2008) .
Moving these findings to humans, Remington et al. compared the efficacy of extended, but regular (i.e. alternate day) dosing of antipsychotics to once daily dosing in a double-blind, placebo-controlled trial (N=35), reporting no increase in the risk of symptom exacerbation, relapse, or re-hospitalization in the former group over six months . Although dopamine D 2 receptor occupancy levels were not measured in this study, it would be reasonable to assume that subjects in the extended dosing group had lower levels of D2 receptor occupancy at trough. Consistent with this notion, Uchida et al. have demonstrated that sustained blockade of dopamine D 2 receptor occupancy at ≥65% may not be necessary for the maintenance treatment of schizophrenia (Mizuno et al., 2011; Ikai et al., 2012; Moriguchi et al., 2013) . In those studies, approximately half of clinically stable patients with schizophrenia did not show dopamine D2 receptor occupancy levels ≥65% at trough, as estimated from plasma antipsychotic concentrations (Mizuno et al., 2011; Ikai et al., 2012; Moriguchi et al., 2013) . Taken together, the animal literature provides compelling evidence that alterations in antipsychotic dosing impacting not only overall antipsychotic exposure, but patterns of exposure in terms of peaks and troughs, may impact response across time, as well as side effects. We now have human data indicating that high and sustained D2 occupancy is not required for the maintenance of antipsychotic response, although this work is in its earliest stages. Thus, it is suggested that extended but regular dosing of antipsychotics could maintain clinical stability while reducing the risk of TD. It must be emphasized that it is premature translating these findings to clinical practice; however, further investigations on this topic are clearly warranted.
Results of our study must be interpreted in light of various limitations. First, only patients treated with risperidone, olanzapine, or ziprasidone were included since both the PPK models (Bigos et al., 2008; Feng et al., 2008; Wessels et al., 2011 ) and the prediction model of dopamine D2 receptor occupancy from plasma concentrations (Uchida et al., 2011b) are presently available only for these three drugs. Any extrapolation to other antipsychotics must be made with caution. Second, dopamine D2 receptor occupancy was not directly measured with brain imaging techniques but was cross-sectionally calculated with the model we have developed; still, the predictive performance of the model has been shown to be reliable (Uchida et al., 2011b) . We did not use evaluate the relationship between plasma antipsychotic concentrations and TD for the following reason. Therapeutic and side effects of antipsychotics have been demonstrated to be closely linked to dopamine D2 receptor occupancy (Kapur et al., 1995; Kapur et al., 2000) . The relationships between plasma drug concentration and its dopamine D2 receptor occupancy is not linear, but they fit a one site occupancy model (hyperbole saturation equation) Therefore, dopamine D2 occupancy levels reaches a plateau beyond a certain drug concentration, which makes it difficult to statistically examine the relationship between plasma antipsychotic concentrations and their clinical effects. Third, the time frame of six or more months may be short, raising the possibility of false-negative cases in the long run. Finally, our study showed the significant relationship between dopamine D2 occupancy at trough and TD using the Mann-Whitney U test, which was no longer a case with the binary logistic regression model. As such, caution is necessary although some of the negative findings that we observed in the present study may be derived from the small sample size.
In conclusion, the degree of dopamine D2 receptor blockade with antipsychotics at trough might be associated with the risk for TD although this finding needs to be replicated in larger trials. These findings align with a growing body of evidence suggest that we should examine more closely both dose and dosing intervals in the context of longer term antipsychotic maintenance treatment. While D2 blockade appears critical to antipsychotic efficacy (Kapur and Rmington, 2001; Kapur and Mamo, 2003) , current evidence does not support the position that high and continuous D2 occupancy is required to sustain response. Indeed, this strategy may both compromise efficacy as well as increase risk of certain side effects. Indeed, this strategy may both compromise efficacy as well as increase risk of certain side effects, which is critically important given that TD still remains a relevant clinical issue even in the era of SGA predominance. The implication of these findings argues strongly for further research that can shed light on these important issues due to some limitations of current study. 
